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A systemalic stwdy of pn conibdaticns into thres or more pions has been
performed in the region of the anhancement in the I=1, RN totd) cress section
at 2490 MaV. Crozx seclions ore reported for the fing) states 52w,
29", w'2u(mm22et), 2e°3y, 253072 ond 20°3v-(mm22w%). Assuming
tha enhancemant is duo to g resonance, o simpis medel is used to estimate the

amount of resonance present in eoch fina! state. The fits resut in some

r in all final states, and at the 95X cenfidence level, non—zero kower

Emits exist for tha {nal states €°20°, a°26"v* and 2n°3w",



L. INTRODUCTION

In a high statistics counter axperimant, Abrams et. oL meagured the fp
and $d total croys secticns between 1.0 end 3.3 GaV/c incident beam
momantum.  In their rendting unfolded I=1. M total croxs section, thown in
figure {1), they obxerved two bumps at 1.32 GaV/c and 1,77 O¢V/c over o
smooth background of cbout 100 mbd. Assuming that eoch of the tumps s o
rault of @ gingle resonance, thair fits to the i=1 total cross saction gave the
felowing Breit-Vigner paramaters:

a) m = 2190 MeV. T 3 65 MaV and height 5.5 mb.;

) m = 2350 FeV. T = 140 MaV and haight 3.2 mb.

Va shall rafer to these two structures as the T and U-mesons respectively.?

Vi report @ stisfy of tha fd interactions et neminal  beem mementa of

1.0, 1.1, 1.2, 1.3, 1.4, 15 end 1.6 GaV/c. This experiment iz o colaborative

effort bat varius bers of four laboratories located at Padova, Pisa,
Toring and Barkeley.? ond vas designed to study the pure I = 1, in interactions
in the T-meson region. The beam momenta were chosen to give overiapping G0
conter of mass enargy wvhen the Fermi momentum of the nrutron in the

dauteran is tokan inte The exp . ted of 370.000 pictures in

the CERN 81 cm. deutsrium fllad bubbls chomber. The fim wgs scamned ot
Padiva, Pisa and Torino, and ¢ sdlacted sample of events was megsured and
procaxsed at Barkelty. The procemed data has been anafyzsd ot ol four kebs.
Ve have ciready reporied on prefmincry work donse on the En pertial
cross sactions,® on the structyre in the fnee*20” Dafitz phot® end on the

SneliNg cross ssclions® This report concerns tha topologics! crass seetk

and the reqction croas secticns for fin annihdations.


http://Isi.pi

Tha broad bump Gt o = 2290 MaV (the T-meson) cbaerved by Abrams ot.

al! has bean confirmed in the §p total crosr section with the Rutgers

A Spectromster” From bubble chamber data for single—pion
produclion in Pp and pn interaciions, it has been shown that the bump is not
caused by the fNa channat®“0 In a §p bubble chomber experiment
Kalbfleisch et. al have raperted evidence for an enhancement in the p*p*oc®
channel at 2297 Mav.i? In another §p bubble chamber experiment Donald et.
al, i disagreemant with Kabfleisch et. al, find no structure in the pop*n®
channel’? There ore saveral recant reviews of the experimental situation 23-13

Assuming that the T-mesan is an s—channe) resonance of the NN system,
wa shall study the Pn enndhilations into pions in order 1o determine if it decays
into any of these finc! states. The fn system is a pure I=1 state vhich makes
this type of analysis favoroble. A discdvantaege is that we must extract fn

cross sectione from pd interactions and correct for the effects of the
deutercn.

The datails of the scan, including total and topclagicel cross ti: is

d tion IL. In II1 ve descride tha procossing of events
used to determine the Pd cross sxctions for reactions wvith three or mere
charged parlicies in the final state in cddition to a final ctate proton which
stops in the bublis chamber. Seciion IV congiders tha prcbiem of extracting fn
eross ssctions from pd dotao, and in sectior: V we discuss the relation between
these cress sestions end the T-meson. Section VI gives owr conclusions
darived from this gnalysis, the main consiusion being that no ona final state is

ponsidle for the enh known as the T-meson.




11. THE SCAN

Our definition of topologies is fustrated in figure {2). Even prong evants
in which one of the prongs is a dark stopping track are called odd prangs in this
achens; the dark track is a low momentum proton which can by identified as a
“spiciator® of the pn interaction.

The film was scanned for afl interactions within a specified fiducial volume
of the bubble chamber, and the total number of entering beam tracks was
counted. The effort of scanning was divided between Padova, Pisa and Terino.
For all momentum settings except 1.0 GeV/c egch of the three fobs scanned
approximctely one third of the fim. The 1.0 GeV/c fim was af scanned at
Torino, In addition about 14X of the 1.2 GaV/c fikn was rescanned at Padova.
Tcble (1) gives the number of interactions cnd beam tracks found in the first
scan.

By ccunting § roys on the bsam tracks: and noting how many of the beam
tracks with 8 rays interact in the bubble chamber, we have determined that at
1.0 and 1.2 GeV/c the beam was contaminated with 62X p's and 3.5% u's. At
the other momontum satlings o different beam transport was used, and in
these runs the tecm contamingtion was less than 0.5%. Al 1.0 and 1.2 GaV':

we decreass the number of beam tracks by 9.7%, and using known u"d

pological cross

we correct the scan numbers for the corresponding
topologies cecordingly.
From the second scon performed at Padova, we hava calculgted scan

atfi for all topel

gits except the 1-prongs which are considered in the
next paragraph Scaen efficiencies ars obout 93X for afl topologies except

O-prongs for which the scan efficiency is 84%. It was found that interactions



which were clossified as O-prengs on the first scan did net changa topology on
the second scan. This was not true for othsr top- cgies howaver, and the
efficiency for counting all interactions together {which wars not QO-prongs) was
found to be 96X. We increased the number of O-prongs by the facter 96/81
for aoff beam mamenta and all labs, although the scon efficiencies wers
calculated-only for 1.2 GeV/c events scanned at Padnva. We have not
determined the efficiency of counting beam tracks, but we shall gssume that it
is also 96X. Thiz is probably an underestimate, but 1% only lead to a scale
error.

In a study performed at Padova, the l-prong losses in the forward
direction have been evaluated by on extrapolation of the distribution of evants
vs. lab scattering angle projected onto the scan table. It is estimated that the
number of 1-—prong events lost in the forward direction is 1022X of the total
aumber of avints found in the first scan and is independant of beam momentum
over owr range. Due to differences in the 3canning, we use 10.612X and

7.912% to corrsct for 1-prong losses in the fim scanned at Pisa and Terina

pactively. These bers were datermined by requiring that the average
rasulting fractions of 1-prongs be the same as for Padova.

Tabls (2) gives the corrected numbars of events and beam tracks (all
with g constant scan efficiency of 96X, for which no correction has been made).
Total cross sections based on the corrected zcan numbers for each of the
three labs szparately are shown in figure (3). The errors shown include a 2%

error added in quadurqture to tha stctistical errors to account for

uncertainties in the 1-preng correcti The tistical errars vary betwaen
03% and 1.0%, so that the uncertainties in the 1-prong correcticns dominate

and give rise to the large errer bars shewn. For comparison, we also show on



figure (3) the more accurataly daterminsd tota) cross saction of Abrams et.

all The agreament iz good.

For the purpose of caleulating topelogical cress i

we normalize
our total cross sactions for each lab at each momantum separately to the pd
total cross secticn of Abrams st. oLl This is done to minimize the effect of
the unknown efficiency in counting heam track. Table {3) gives the topologicat
cross sections which are a weighted average of the normafized cross sections
frem the thres tabs.

As can be seen in figure (3), the cross section of Abrams et. el has a
four or five milibarn bump at 1.3 GeV/c. The bump arises from the I=1, NN
cruss section enhancemant ot 2190 MeV (the T—meson) which has been smeared
out dus to the Fermi motion Inside the deuteron. The bump in the §d cross
section is onfy a few per cent of the total, and the rencrmalization of our data

introduces no bump which wax not already there.



III. HEASUREMENT AND EVENT SEPARATION

All events of the 3-prong and S-prong topologiss were selected for
mgesurement on the spiral reader and procazsed through the
POOH-TVOP-SQUAW chain. It is impossible to determine whather small angle
1-prong events are pn, fp or §d interactions. We do not consider reactions
from the 1-prong topology in this report. Each event was tested for
consistancy with all hypotheses fisted in table {4} appropriate to its topology.

Eventz failing to have o ful fit or

ing mass lculation were

r ed and repr d one time. The overall passing rate was about 80X
for 3-prongs and 70X for S-prongs. Events not successfully processed fall
into one of the folowing catageries:

a) 17X of the failures were spiral reader operator rejects {wrong event
type, wrong beam track or event aot on the framel.

b) 21X of the faiures were due to the inability of the fiiter program to
find the correct track images.

¢) 11X of the fallures had a track which had large point scatter or
could otherwize not be reconsiructed.

d! 24% of the failures had o measured beam morentum which was not
consistant with a value previously determined for each momerntum setting. (This
will occur if the beam particle has scattered befere entering the bubble
chamber.)

e) 10X of the failures were due to spiral reader operator errors. They
had no track which was flagged stapping by the spiral reader operator, but hey
were scenned as events with a stopping proton.

f) 17% of the failures had measurements which were inconsistant with



anergy and tum bal for oll hypoth toated.
g} 3X of ths avants, after having passad successfully through the chain,
wvare rejected for hoving had a track for which the momantum could not be

adsquately detarmined resulting in a reduction of the number of constraints.

(This was d d y since ing maasz calculatiens are not possibie for
such avants.)
From a study of the first and second with ful fits

or missing mass calculations, we have determined thct the combined
measurement and processing efficiency is independent of the particulor
reaction within a given topology for evants with spectator proton mementg less
than 150 MeV/c, There are two reasons for using this subsamplz of events.
Fost, we expect thess svenis to bs rauch less cortaminated with zvents in
which the proton participated strongly in the interaction. Second. longer proton
tracks have o higher probablity of being scattered. Since we demand
mamentum from range for the proton track (unless it is oo short to be visible)
avents with higher proton momenta have o different faiure rate. In whci
follows wa shail be referring to the subsample of events with spectater proton
momenta lexs than 150 MeV/c unlass we expicitly state otherwize.

Appandix A cutlines thc selection ecmteria used te seperale events into
their most probable hypctheses on an event—by—event basis. It was found that
ambiguities between the final states p w271 vs. p w20 (mmw) and
p_217'3r1!° ve, p.2\1‘3r(mmn) could not be reliably resdlved on an
evert-by—event basis. [p, indicates o stopping proton and (mmw) indicates
missing neutrals with mvarignt mass greater than the mass of a o] A
statistica! sgperation was made between these final states using tha missing

mass squared and its error frem each event within a given range (mm® < 03



Qev? for the 3-prongs and mm? « 0.2 OeV? for the S=prongs). All avants with
largar mm? are azmumed to belong to ths mizsing mass catageriss. A maximum
ikatthood fit was parformed which optimized thraw parameters:

a} the o* mass,

b) the numbsr of fd+p a°2a ® (or p 21" 3u"n®) evants and

c) the number of fdep u*2u-(mmn) events with mm? < 0.3 Gev? (or

p, 20" 30" (mmn) evants with mm? < 0.2 GaV2).
The experimental value of the ©® mass is included s a parameter in the fit
since small systematic errors in tho beam momentum or spectator momentum

enay bics the resulti issing mass

The theoretical spectrum to
which wa fit the datg is made up of a delta function at the square of the fitted
ol mu.:: and a Lerentz inveriant phase space approximation to the 2u*
inverignt mass squared distribution of the reaction fdep o*2072¢® (or
pdep 20°3n7207). Ve cut the data ot mm? = 0.3 GeV? {or 0.2 GeV?) so that
wea include all of the single a* avents and stil hav: a simpls approximation to the
included multi «* phase space.

In figure (3) we show the combined missing mass squared spectra of the
events used in the fits. The superimposed curves represent the expecled
distributions based on cur estimote of the numbers of single o® and missing
mass events. The sharply peaked {large dashed) curve is a sum of Gaussians
centered at tne fitted o® mass. For each event with mm? < Q.05 GeVZ a
Gaussian with standard doviation equal to the error in mm? was added, and
finally the curve was renormalized to the fitted number of single 7° events.
Similarly, the second {small dashed) curve was chtained by folding Gaussians with
cur cpproximation to the 2u* invariant mass squared distribution. In this case

the O ot added had standard deviations equal to the errcr in mm? for the




avents with mm? > 0.07 GavZ. The sum of thass tus curves (the sclid curva) is
alzo shown,

Resuits of the 2aparation of svents into varicus final states are given in
table (4). In the tables we have not included numbers for the reaction
fdop piw he datals of which have basn reported eisewhere® The reader is -
warned that numbers for the one-constraint and zero~constraint hypothesss
with kaons ars to be considered as lower fimits on the actual numbers of events
of this type dus to the ssparction procedurs of appendix A. Errors introduced
into other final states for this reason are nagiigible since ths cross sections

for procssses involving kacns are very small.



Iv. CRO5S SECTIONS FOR THE REACTIONS fnen's

A first epproximation to nautron cross sections is obtained by making o
simple subtraction of the crozs saction on protons from the cross section on
dauterons. Onz of the cssumplions of this procsdure iz that the individual
proton and neutron cross sections are small compared to the squore of the
distance betwesn the nucleons.!® Glauber hos gvluated the following first

erdsr corraction to account for the finite size of these cross sections,t?

e, = +¢c — 8
‘ » n

8o = a'-va-(r’zkﬂ\l)“

where (r"2) is the average inverse square separation of the nucleons within the
deutaron.

The correction term 30 can be intuitivaly thought of as a shadow effect

on each of the nucieons by interactions of the beam with the other nucleon
The effect is to daplete the flux of the beam particfes on each of the nucleons.

Because % and 9. are nearly equal thr ghout our )

range.! we
ghall correct for the shadow effect by increasing each cross section by the
factor,

s= (a, ot a.a)/als ”
Abrams et. al® have evaluated 3 for §d interactions at beem momenta of 1.0

and 15 GeV¥/c to be 24.31 and 2031 mb. respectively. This gives us two

determinations for the factor s within our momentum range (1.117 and 1112
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raapactivaly) which differ by less than 0.5X. Ws use the average valua,
3= 1114

Another large effect which cannot be ignored in the extraction of pn
cross ssctions from pd interactions is the abundance of events with spectator
momanta larger than that which is predicted by the deuteron wave function
The cbundance of such evants causes *feed-up™ f.cm our 3 end S~prongs to
our 4 and &-prongs raspsctively when long protor. tracks leave the bubble
chamber. Evidence of this effuct is the large difference betwesn owr (shadow
corrected) 4 and 6-prong cross sections and the 4 and 6-prong cro=s

zactlons from Pp interactions,®-13-1%1% 4houn in figure (5). In cppendix B we

compare our even prong topological cross t with the corresponding pp

and show that fincl state scattering of pn

dhilation products on the spectator proton may be rasponsible for many of
the jarge momentum protons.

e have made a first order correction for “fesd~up® in the following way.

Two factors, f; and f,, have been datermined such that the quantities,

sefe, ~ fy-a,) and

o, - fyea,)

would be most compatible with the 4 and G-prong pp cross saclions

respactively. We have dotermined thase two factors to be,

11



1, =027

This finaly gives us the foBswing fin "topological cross ssctions” which have baan
corrected for bath the shadow affect und for “feed—up™:

oGas3—prongs) = s+(1 + oy
o{pneS—prongs) = sell + 1 )0,

Figurs (6) shows the effect of thess corrections on cur 3 and S-prong eross,
sactions. and tabie (5) givas the rumerical results.

To datermine the pn reaction cross sections we toke the froclion of
events in a given final state [from tabie (4)] and multiply by the correspending
pn “topological cross section” [from tabis (S). We prassnt the rsoction crors
sactions for fn>u's in table (6).. These cross sections are smeared cut dus to
the Fermi mation of the targst neutron and tha sprecd in beam momenium,
Figurs (7) shows o plot of these cross sections vs. beam momantum, The
curvrs are fits to the dato which are describad in the following section.

12



V. FITS TO THE T-NESON

Vs make (e tentative assamplisn that (e 55 mb. reparied by Abroms

ot. al? is @ resonance and vss a simple madel to eatimate how —ch of it is in

the 3 and S-prong topolegical cross tions of tabie (5) and the $n pion
annidtdation croxs sactins of table (61 We paramaterize Uhese reaction cross
seclians by o suitedls background and two Bret-\igner resonance functisns
for the T ond U-massns. For the Breit-Wigner's ve uss the peremeters
Caterminad by Abrams el al in their fit to the unfolded Is2, NN total cross
saclon (e. mx2190 MV, Fs8S FaV for the T-mesen; ms2350 FeV, F=140
eV for the U-mesan)! The bockgreund we ues is avp™®, where pik} it the kb
beom mementum correspending to stalionery fres neutrons end com. snargy E
This haciograund is menatenic and penitive (for & pesitive) and correspends Lo o
nver backgraund en o leg-leg plet. The paramaterized cress section s given
$y.

oE) m arp™? ¢ u BU2190,85) + o, FN2T50.140)

o= 0E2 - (n + ey FHE? - (m - e, P)/(2m 1)
BmS) m F/I4E - aF + 7

€ 8, ¢, and o, are paromaters to be filted, ard o and m, arw the neutron ond
antipreten maxses respectively. The Brait-tigner function has unit beight ot
tha center, 30 (hat o, and @, are the fitted heights of the T and U-mescns
respectively.

The peromalerized crozs sections arse folded with the Fermi exotion of

i3



the target neutren ard the besm spread and compared with eur experimento!
crons sactions of takds (6). The dateds of the folding procedurs are given v
appendix C. Ve adjust the paramaters to cblain the Best fit in the isast
squeres sanse. The U-mason may influence some of the fils becouse it
overlaps with thy T-mason, We do not axpect to be abls to determing the
amount of U-meson sinces our rangs of momenta only alaws us to axplore up to
about 2350 MeV in cm. enargy. Tabie (7) shows our determination of the
amount of T-mason presant in each final state as wvell as the confidence lavels
of the fits. Figurs (7) shows tha data with a curve vhich represants the fit.
The davhed curve represents tha background term only.

For the more highly constreined evants (our four-constraint hypotheses)
we con swke g better determination of the reaction croas sectins. The
four-constraint fits give us a rather well determinged mecsurement of the
spectator proton masantom (sven when [t is icvisbie in the bubble chamber).
Therefore we also have a good measurement of the fn cm. energy. Knowledge

of the flux of beam particies and the distribution of avents as functions of cm.

snargy ond spactator proton tum gives us a direct measuremant of the
unfolded cross section. Further details of this procedure qre given in appendix
0.

Reguits of the measurement of the cross sections for the two reactions,
frreu"2y” qnd fve2w 3w~ are shown in figurs (8). The curves shown are fits
to the crozz seclions using the soms functional form as above. Ruxulis of
these fits are given in tobla (8). For comparison we also show in figure (8) the
smal dashed curves which repressnt the results of the fits of tabla (7). The
resuils of the fits of table (B) are compatible with thoxa of table {7}, and the

paramaters of tabis (8) are batler datermined. This is Becauss we have used

14



additional information from each evant, QItr ough the same events ware used.

AD of the fits of tables (7) and (8) have occeptable confidance lavels.
For many of them the fitted amounts of U-mesxon is larger than the tota!l of
3.2 mb. sean by Abroms et. aL® As we stated earlier, the fitted values of o do
not represent accurcte meusurements, bui we have included Q, as a paramater
since the T and U-mesons averlap. The porameters o, ond g, clways have
peositive correlation, so that if a, is large we ure probahly overestimating Q.
The quoted errors of o {ond nu) toke into account correlations with the other
peremeters. In whot folows an “x stondard deviation effect™ refers to the
statistical sigrificance of the parameter o, lie. x = a;/8a,).

Looking first at the "pn t gical cross * one may hope to find

a clus as to which topology to pursue in search of the decay modes of ths
T-meson. We have direcdy ruled out the singla=pion produ: ticn as a source of
the enhancement, so that we consider only 3-prong annihiations and the total
S-prongs which are all annihiations. The 3-prong onnihiotions have o 23
standard deviation effect, and we may place q hwer @mit of 1.75 mb. of
T-meson prasent at a confidance level of 95X, In the S-prongs we have a 2.1
standard deviation effect with ¢ lower Emit of 0.04 mb. ot q confidence leval of
95%. Hence it oppecrs that we should lock for dacay modes of the T-meson in
the 3-prong annihllation reactions. (For completensss we qlso ook at the
S—prong reactions.)
gaeut2a

Here we have a four—censtreint fit for which we have determined ths cross
section as a function of c.m. energy. The fit of tahle (B) gives a 2.1 standard
deviation effect, and we have o lower Lmit of 0.09 mb. of T-meson at a 5%

cenfidence level

15



E’I‘ZI‘I‘
Of the reacticns we have studied, this ons haos the largest amount of T-mason
present. Table {7) shows ¢ 2.0 standerd deviation effect, and wve place a lower
fnit of Q.60 mb. of T in this channal ot a confidance Feve) of 95X,

gnen*2e (mmw)
This raaction has ¢ 0.8 stendard deviotisn effect und is consistent with no
T-=aton at a confidence lavel of 21X

gne2u*3Iw-
Here again we have a four-constroint fit for which we hove determined the
cross section as a function of c.m. enerqy. The fit of tabls {8) gives a 2.0
standard deviation affect and a lower kmit of C.10 mb. of T-mascn at 95% a
confidency level.

freen*In-w* and fns2w’In{mmu)
These regctions bath have 0.6 standard deviation effects and ars consistent
vith no T-meson at a confidence level of 27X,

Vs have also combined several reactions of Bke G-parity end fit them
By combining reactions we have higher statiztics, and the determination of the
amount of T-meson should be batter if the reacticns we combine have
w.gnificant amounts of T.
poes’2e” pnel2w* 3
Both of the finol stotes have negative G-parity. Both are four-constraint
fits, and we ses from tabls (B) that there is o 2.9 standard devialion effect in
theis sum. This gives us o lowser Emit of 0.39 mb. of T-meton presant at o
confidence level of F5X.

fnen*2e” €* plus fne2w'Iw o

These fina! states both have potitive G-parity, and we see from table (7) that

is



trizs combination gives us o 1.9 siandard daviation sffect for their sum. Ve
place a lower Gimit of Q.43 mb. of T-meson at a confidence levar af 95X, Note
that rather than entancing the accu-acy of the determination of the amount
of T-meson, we have vashed out the more significant effect in pnea*2u-o* by

adding fn»2a°3n"0* which was consistent with no T-meson at all.

17



V1. CONCLUSIONS

Ve hava presented the results of a systematic study of §n onnihilations

into picns cblained from 3 ond S—prong pd interocticns in the t

region
1.0 to 1.6 GeV/c. Vs have ottempted to uncover the source of tha 5.5 mb.
snhancement in the unfolded I=1, NN tote! eross section known as the T_—m“on

vhich was cbserved by Abrams et. ol In a previous paper® we have

nresented evidunce that o threshold effect in the recction pnepps” is not

responsibie for the enh

t, ax was originglly conjectured by Abrams et.
ald  This susion is substants

d by publithed pp aond §n single—pion
production crozs seztions from other experiments®-10

In this report we have pr d pd topological croxs s P

topolegical cross sactions™ for 3 ond S-prongs which have been correctad for

ths shadow effect and “fesd-up® and pn reaction cross sections which arise
from the 3 and S-prong topologies. Assuming that the T-meson is an
s—channel resononce of the Pn system, we have attempted to czcertain
whether it decoys into any of the pion arnibdgtion channsls of the 3 cnd
S-prongs.

The largust effect we have found in o single channel is in ths w*2r v®
positive G-parity final state. Vs have put a lower Gmit of O.6C mb., of T-meson
in this fina! state at a confidence level of 95X Wa have aliso found smeler but
stotisticoly significant gmounts of T-meson in the negative G-parity final
stotes w21 and 293w, Ve have put a lower Emit of 0.39 mb. of T-meson on

the sum of these final states at a confidence lavel of 95X

18
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APPENDIX A. SELECTION CRITERIA FOR 3 AND S-PRONGS

1. Fits ara defined a3:

a} four-constraint w dati hypoth having kinematic

confidence level 2 1075,
b) other hypothesss without kaons hgving kinematic confidence level 2
1073,
€) hypotheses with kaens having kinematic confidence level 2 1072,
2. Four classes of fits are put into g hierarchy in the following way (from high
to low priorityk
a) of constrained fits except one~constraint fits with kaons,
&) mizssing maxs cakulations without kaons,
c) one—constraint fits with kaons,
d} missing mass caleudations with kgons.
3. Salection criteria follow:

a} Take the fit/{missing mass calculation} which has the best kinematic

confidence level/{most consistant jonization pulse height) frem the class
with the highest priority.

b) The only exception to 3a) is that when the best fit is a
one—consiraint w—annhilotion and the second best fit is a
four—constraint w-coniiliction, take the four—censtraint fit.

c) After a selection has been made a missing mass cut is maede. The
event is discarded if missing mass squared (or corresponding missing
mass squared) is below minimum. (-0.3 GeV? for 3-prongs and —0.2
GeV? for S—prongs)
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APPENDIX B. COMPARISON OF pd AND jp TOPOLOGICAL CROSS SECTIONS

Figures (So0.) show our (shadou corrected) 9 and 6-prong cross
sections aiong with 4 and 6—preng cross sections from fp experiments.9.31.20.19
We can see that the 9 and 6-prong deuterium cress sections are both high {an
excess of = 8 mb. in the 4-prengs and = 3.2 mb. in the 6-prongs) with respect
to the hydrogen date. We have investigated sevsral possible explanations for
this.

High momentum spectator protons from §in intercctions moy lecve the
bubble chamber before stopping or not be identified as stopping by scanners
and cause “fead—up” from 3 to 4—prongs and from 5 to 6-prongs. This effect
should dapend to a certain extent on the interaction point and the orientation
of the spectator. This hypothesis has been tested by counting the number of

spectator protons in the 3 and S—prong catagories which go townrd the inside

and the ide of the chamber. An asy try exists which favers the

protons which go toward the inside of the chamber, but the effect is smal
compared to our excess of 4 and 6-prang events.

Above a certain momentum, cfl protons will [zave the bubble chambar.
The dimensions of the bubble chambar are SOXC0%30 cm., and we estimate that

on the average, pn events with spectatars longer than 30 cm- wili be *“fed—up®

to the corresponding even prong topolegy. This corr ds to a loss of 2.7X

ing the spectat tum distribution is given by the McGes wave

function'® and leads to the following losses,

a!:Smb, + .7 mb. lost to o,

o, =11 mb. » 3amb.lost to o,
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This leoves us with an excess of aboul 7.3 mb. i the d-prongs and 2.9 mb. in
the G~prongs.

Secondary particies preduced in @ fn interaction may elasticaly scatter
en the spectator proton giving it anough ensrgy te leave the tubble chamber.
This will be particularty foverabls for ¥°p in the A(1235) resonance region. Ve
now perform an order of magnitude colculation to show that this effect may be
responsitle for cur t fractions of 3 and S—prongs “fed~wp"
are approximately,

Beo /e, + 8n,) = 23/323 = 23%
G fiey + 8w,) = 25/53.9 = 24%

Estimating an averge of & final xtate pariies, we need adoul 3.5% probabdity
for any of the finol state pariliches to elasticaly scatter on the proten end
drive it _out of tha bubbie chomber. The average cross saclion for such o

procass should be about,

o = (O35Xawd) = LOISXAN2x1072 anf = 108 mb.

where d is the average Gamster of the deuleren. Such o eross section does
not seem unreasonable for pions on protons. To Dustrate the sffect wa show
I figures (Jab) the tola) spectrum of w'p and «°p mayzes for the two
four—constraint fits, fdep w*an” and pdop 2u°3x" respectively, There is a
considerable degietion of ¢ -ents in ihe =*p mo3s region arcund thwe &{1256)

To first order, we assums that tha 3 ond S-proengs are deplsted by
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canslant faclers fer “favd=up® over our momantum range. Trase focters,

which ars determingd in section IV, cra

/01 + 1,1 0 23%

/1 - 1,) = 21X

“fed-yp” from the 3 and S—prongs raspectively. Figure (6) shows the effect of

thass correclions on ocur 3 and S-prong oross seclions
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APPENDIX C. FOLDING FERMI MOTION AND BEAM SPREAD WITH Bn CROSS
SECTIONS

Our tazk hers iz to take #{F), o Fn reaction cress ssction for fres
nyutrons as a funclion of cm. energy E, and from it and the properties of the
deutsron and of cur beam, to daterming the Pn cross gection we would measure

at sns of cur wnal baam ta. Ve that our measured cross

section has besn property corrected for the shadow effect and "faed~up® o
discussed in section IV. Ve refer to any one of the measured cross ssctions
of table (7) vhich are based an the sub is of ts with tator proton

P

momenta levs than 150 HeV/c in tha lab.

For ihe dEstribution of proton momenta within the deuteron we taks a
Gstribution derived from the configuration space vave function of McGee?® Ve
have nermaiized (his digtridution such that its integral from zero to 150 MeV/c
is equal to unity. The distribution is denoted by 9(p,). where p, is the mamentum
of the specislor proton. The anguar distribution of spectator proton
momenta is assumad to ba isotropic in the lab.

Since the deuteron is at rett in the lab, the antiproton interacts with a
neutren which has momentum equal but opposite to that of the spectator
proton. The em. energy of the fn system is token 1o ks egqual to the inveriant
mazs of the system mads up of a8 outgeing particies except ths spactater
proton, so that the meutroen is of f-mass—shell Here we make no correction for
off-mass=shel effects.

Sincs the neutron is not at rest in the kab, the fhx of beam particles as
observed in the neutron rest frams will vary depanding en the magnitude and

&raclisn of the valicity of the nxutren. Ve taks account of this effect by the
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use of o “flux facter”,

Following Mfler's formulation of a Lorentz invarignt croxs gection,?3 the

number of interactions per unit time and per unit volume of targst is

where o is the cross section and

F = p,/E, Wp,/E, H(p2p2F - [FER(AFTS

p i the density of particles, E is the energy and p* is o foeur-momentum. The
subscripts 1 and 2 rafer to the beum and target respectively. The quantitiss
g/E are invarianis s is the expression in the square bracket. Evclusting F in

the rest frame of the targel porticie we get the familiar resull
F = {p,/E Kp /ENE2m2 — nmlZfs
= 0,009, /E ) = 0,05v,

M/pz # interactions / target particle / unit time
[ XN ~ # incident particles / unit area / unit time

o=

where v, is the velocity of the beam particles.

The “flux faclor® we construct is given by,

flp,.p, £} = (RSP — (RS PIRAPHR,E, I

where pf and g% are the four—mawenta of the antiproton and neutren
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re1p ¥ Py 18 tha magnit of the lab momantum of the antigroton and E_

is the lab energy of the nautron. The “flux factor® is simply the flux of begm
particles as resn by ths moving, off-mess-sheil ngutron divided by the flux of

besam particles a3 sesn by a stationary free nsutron. Hoidfing P fixed, l(p,.p..E)

"l.u:p.'o.

For interactions with o fized beam momentum Pye we would expect to

maeasure the cross saction,

«lp,) = [4E «(E) [dp, [E/i2p,, )] 1lp,.5,.E) glp,}

where the factor EI(Zp'p') snters as the probability density for having fn c.m.

enargy E, given a baam p'cnd tator praoton tum p.. Itis
just the Jacobian tstween cos 9" and E multiphed by the probabiity density for
cos , which is flat.} Figure (10q) ilustrates the kinematic hmits of E end P,
forp, =13 GeV/c. In figure (100) we show the kingmatic kmits for all of owr

nominal beam momsmta to ilustrate the extent of the ovarlap in E The

thecratical spectator proton tum spectrum g(p')isul!o shown.

Due to a finite spread in the beam momentum upon entering the bubble
chamber and energy lost while passing through the hiquid dsuterium, we do not
have a monochrematic beam. We have calcuated the mean value and standard
devintion of the dstribution of fitted beom momenta from the four—constraint
pn annihdations into pions. Thesse valuzs were calculated for each nominal beam

momentum and are shown in table {9). The distributions of beam momenta were

istant with G i hap for which the standard deviction of the
Gaussian is equal to the standard devigtion of the distribution. We shall denote

the mean value and standard deviation of cne of these distributions by p; and
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lp; respactivaly,

Ve finally obtcin d'(p;) by faiding a’(p.l with ¢ Gauttian to tgke the finite

becm spread into acceunt. Ve tharcfore have,

a"(pg) = Jdp, o'lp,) Gip,.p})

Glp,py) = (2817 (3p31* expl=%lp, = p}F/lap;F]

to e ot the

) bagm

a"(p}) is the cross ssctin we would

momantum denoted by p; if the irue cross section ware given by ofE).
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APPENDIX D. DETERMIMATION OF REACTION CROSS SECTIONS AS A
FUNCTIGH OF C#1. ENERGY

In this gppendix we shall descride the calculation of reaction cross
sactions a3 a function of c.m. engrgy . vhen we kngw the c.m. energy of each
event. Ve shal bin the data into tmall energy bins &F, centered ot E. Ve ghal
first consider data from only one nominal beam momentum p; and generalize to

more than one later. Ve calculate cross seclicns using the formula,

_ H5E)
PAGE)

«(E)
vhers ofpL.E) is the number of avents in the i'* energy bin. p, is the rumber of
dwtmpruitvmwup;.t‘)ﬁuwnmthmtuvithmi“
energy bin.

Inth-lpi—itofqpmdxc.vupuﬂithnuntohlpnmmua;)ete

given nominal beam momentum into the energy bins 8K, in the Folloving manner,

155.5) = Li5) §4E Q063,50
Q631 = Ko, 1, (E/(25,5)) fl5,0,) 0,) Oloy

where all of these variabies have besn dafimed in appendix C, and we use the
same notation here. Asida from the "fhux factor™ f(p'.p'.El. Q(B;.E)Bhﬂthn
probabiity density for the §n system to have its cm. energy equal to E The
“flux factor® takss into account tha dependance of the fhux of beam particks
on the magnituds and drectien of the velocity of the neutron.

To combine the results at cach of our nemingl baom momenta, we sum
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tha numarator and denominator of the equation for #(E) over nomingl beam

momantum and get,

I nlpp.E)
P T

«E) =

As can be seen from toble (4), most of our 3 and 5-prong evants are in

the cne-constreint and zero—constraint categories. For these categories we

do not have an accurate measuremsnt of the §n c.m. snergy. since tha
spactator proton doss not leave a visible track about 70Z of the time

For the four-constraint fits however, the fn cm energy is we?

determined althcugh somewhat bicsed. A proton track which is too short to be

seen in the bubble chamber iz aszigned a ed tum of 2era. For this
reason, evan the spectator momentum distribution resulting from the
{four—constraint fits is bicsed tovard zero, and the resulting pn c.m. energy
spectrum is too narrow. If we relox the thres constraints on the spectator
proton momentum, we stifl have a constroined fit which results in a less biased
measurement of the fn cn. energy.

Ve have perfermed cns—constraint fits on the reactions pd+p x*20~ and
fd+p 27" 30" in order to determine the pn cun. energy for each event. We have
also used a alightly modified speclator proten momentum spectrum fer the
purpose of partitioning the pathlength. The modification [of glp )] takes into
account the errors of the fitted values of the proton mementum P,

We have described the procedure used to calculate cross sections as a
function of c.n, energy. Figure (8) shows tha resulting cross sections for the
reactions pn=>0*20 and pne28°30-. Curves shown are fits to the data which

are described in section V.
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Table (1a) Raw Scan Numders for Fim Scanwd at Padava

topology

O-prongs
2-prongs
4-prongs
6-prongs
6-prongs
1-prongs
S-prongs
S-prongs
7-prongs
total

beam tr,

[
o

o 0o ©o O O ©O O © O O ©

nomingl besmn momentum  (Cev/c)

12
3137

32771
14071
177

99102

FEnpidcatbac

34

13 14
1096 1203
5295 5B49
6153 6671
1234 1347

k74 29
10212 11007
4349 4744
1971 2046
S8 74

15
925

4565

1638

49

961

4600

1689
&S

30411 32970 25402 25891

410508 115490 128141 103585 106321



Table (1b) Raw Scan Numb

topology

O-prongs
2-prongs
4—prongs
6-prongs
8~-prongs
1-prongs
3-prongs
S—prongs
7-prongs
total

beam tr.

10

o ©o o 0o o o o o o o o

s for Fim S

11

49187

nominal bgam momantum

12
3199
165051

17348

86585

13
1093
S158
5993

4093
1858
73

at Pisa

14

1103
5395
€0s8
1292

54
9553
4056
1947

78

28218 29526

362261 111304 117234

35

(CaV/c)

15

833
4135
as48

1454

22428

16

1014

4913

92249 110565



Tabls (1¢)

topolagy

Q-prongs
2=yrongs
A-prongs
&prongs
B8-prongs
1-prongs
Jprengs
S-prongy
7-prongs
total

beam tr,

9267

isez

16929
707

Raw Sgan Numb

s for Fim S

11

B, atifsela

nomingl beam momentum

12
2258
9287
R
17435

a3

13
1374
5549

3

18225 11295

7197 4456
3264 1991
08 &3
2129 3427

at Torino

14
1165
ag&s5
5432
1093

32
9769
3985
1731

28122

(Gev/c)

15
981
4315
4833
1055
29

24205

16
1024

4558

207253 121659 109864 97526 104060



Tabie (20) Corrected Scan Numbers for Fim Scanned ot Padova

topology noming! beam momantum {GeV/c)

10 11 12 13 1.4 15 16
O-prongs 0 540 3615 1312 1440 1107 1174
2-prongs o 2202 18190 5348 5507 GE€1L 4646
4—prongs o] 2462 20514 6221 6738 5173 5377
6-prangs 0 470 3790 1246 1360 1102 1154
8-prongs 0 10 75 37 29 k= 91
i-prongs ] S151 42664 13412 14479 11034 10994
Z—prongs 1] 1668 14273 4453 4882 3782 3931
S-prongs 1] 722 6265 1551 2066 1654 1706
7-prongs 1] 22 179 59 75 49 &6
beam tr, 0 44583 370689 115450 128141 103585 10332t

37



Table (2d) Corrected Scan Numbers for Fim Scanned ot Piza

topalogy nominal beam momentum (GeV/c)

10 11 12 13 14 15 16
O—prongs o €29 3668 1295 1307 987 1202
2-prongs 0 2373 15586 5158 3395 4135 4913
4-prongs 0 2746 17315 5993 6058 4548 54449
&-prongs 0 485 3342 1144 1292 1051 1291
8-prongs 0 19 111 33 54 3 &0
1-prongs ] 5728 37952 126455 12713 9673 11269
3-prongs 1] 1701 11965 4152 4129 3153 3624
S-prongs o 7ve S611 1853 1947 1454 1623
7-prongs o a. 230 73 78 61 78
beam tr. 0 49187 327122 111304 117294 92249 110565
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Tabie (2¢) Corrected Scan Numbers tor Fim Scanned ot Teorino

topology

O-prongs
2-prongs
4~prongs
6&—prongs
8-prongs
1-prongs
3-prongs
S-prongs
7-prongs

beam tr.

10

2446

9265

1481

7103

4841

noming) beam momentum

12 13
2632 1628
9145 549
9982 €530
178y 1168

S3 31
22240 13832
7244 4520

2989 654 3264 1591

01

28

100

63

1.4
1381
4865
5432
1093

2
12014
4063
1731
s7

{(Gev/c)

15 L6
1162 213
4315 4558
4833 5015
1055 0/

- a7
10028 10499
3459 3867
150 1637
4 €8

166367 43192 196679 321659 109864 97526 104060
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Tabls {3) Topol

topelogy

O-prongs

2~prongs

4-prongs

G-prongs

1-prongs

7-prongs

} Cross S

t

9.72

t 47

x .76

+ B4

: 20

* .67

2 .33

+ .04

11

t 29

+ 53

37.70

£ .59

t 20

+ 93

z 43

10n.72

ti (mb)

noming! beam momentusm  (CaV/c)

12
2.38
* .21
3199

t 4

2 .45

+ 431

17

cukbubbfe

40

13
2.90

+ 14

02
7492

24.77

14
7.61
+ .23
29.91
: 43

3N

692

T 14

bubhbee

By b

H

15

733

16
R

t 22

z 44
226

: 45

t 02



Table (%) Events of esch Hypothesls in the 3-prengs with Spectator
Proton Fomenio lss3 than 150 FMaV/c

reaction nomina) beam momentum (CeV/c)

10 11 12 LI 14 15 16
e, w2 26 177 979 40 W3 263 22
pdep 2 v 1168 B49 4354 2048 1937 1415 141
Saep o° 2 lemn) 2769 2245 12796 5719 SEI9 4468 4713
poep KK W 39 Z7 173 66 48 3 %
Feep KK T w
paep K 2rice 52 37 182 109 76 54 64
féop KK
pé+p K K o (mmu)
Féep K* 2 (k) 2 25 190 8& 73 6 &
Pop " Ko (menk)
pd=p piv” (sae referencs &)

1 p, indicates a stopping proten.

2 ({mmn) and (mmK) indicate missing neutrals with invariant mass greater

thon @ n* and K° respectively.
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Tae (48} Events of sach Hypsthasis in the S-prongs with Spectalor

Prolon Fomento sz than 150 MeV/c

reaction nominal begm momentum  (Cev/c)

10 11 12 13 14 15 1§
pdep, 20 30 | 306 1728 814 754 628 6
pdep,2n 3r v 709 610 3459 1637 1707 1352 1400
Faop,22* 37 (mxmz) 422 D 2292 1045 991 ess 9%
paep R YK 2 14 14 79 48 46 42 0
PP K YK 2wt
Foep K w3 e 2 0o 15 19 14 12 14
favp 22 K
$d+p K"« K 2w (mmy)
Fdvp K* ¥* 3n~(mmK) 4] 1 2 2 2 7 2
§4p, 29" K" 20 (memK)

1 p indicates o stopping proton.

2. (mme) end (mmK) indicate mizsing neutrals with invariont mass greater
then a o* and K* respectivaly.
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Cross S

Table (S} "Topelog

topology
10
3~-prongs 40.87
+ 97
S-prongs 16.79
t 47

* for §n {mb)

aommal beam momgntum

11 12 13 14

3557 3620 3587 34.99

+ 48 £ 52 S
1602 1559 1502

+ 23 + 27 & .27

43

(Gav/el

15
33.99
t 51
14.74

x 27

16

14.93

2 27



Tabis (€a) Reuction Cross Sections for 3-prongs (mb)

reaction nominal beam momentum  (GeV/c}
10 11 12 13 14 15 1€
pneg* 2y 2491 185 184 4172 150 124 108
16 £14 £ 056 .09 .08 .00 .07
[5 0 ad= a d 1098 885 820 821 757 663 &2
£+ 58 £.47 235 39 .36 233 2.3
pasu’ 2w (mm=) 2621 2341 2404 2292 2205 2009 2212
+ B2 £ 62 £.498 £ 52 50 %49 % .47
oKt K g 28 33 26 49 16 22

ekt K w

oK 2k 49 39 34 44 30 2B 2z
B KK $07 +06 .05 £.04 £.03 205 .05
oK’ K- o (mmr)

PreK* 20 (mmK) 30 26 36 33 29 I 29
ot el £.05 .05 £+.05 £+.04 £.03 t.04 .04
fneppr 42 5% 110 198 310 42?7 S13

B
S
8

£ 10 2 A3 : 17 £ 19

1 Croxs sactions for the reaction pneppu~ have been taken from
refarence (6) ond corrected for the shadow effect and “feed-up”.
2 (mmu) and (mmK) indicate missing neutrals with invariont mass greater

than o =* and K® respectively.
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Table (6b) Recction Cross Sections for S—prongs (mh)

reaction nomingl beam momentum (GeV/c)
1.0 11 1.2 13 14 15 16
pre2x® 3o~ 415 359 365 35 323 315 103
22 £ 20 £.09 £ 13 2 .12 * 13 3 .312
Fre2u® 3o ot 7279 746 7232 716 732 680 E£81
$.38 £+ 35 £ 26 £.28 29 227 .27
pn+2x* 3~ (mmw) 464 423 483 457 421 447 476
* 33 £.30 225 226 226 £ 25 2325
poeK* w" K 2 A5 A6 A7 21 20 21 249
+04 +.04 202 £.03 .03 2.03 203
Foektw k2w
ekt w3 ke €L o 03 08 08 06 07
poe2* K 2 K* $.02 £ 01 201 £02 202 20 2.0
pooK® w* K" 20 (mmx)
FoeK® w* 3 (mmkK) Q 0 o0 o o1 o4 ;

poe2w* K- 297 (rmK) + 04 201 201 201

R
R
B

1. (mmu) end (mmK) indicate missing neutrals with invarignt mpss greater

than a o* and K* respectively.
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Tabte {7) Rescnance Fits ve. p

reaction NOF x? €L T(2190) (mb} UI2350) (mb)
3-preng ennh. 3 61 11X &01:259 7.8624.99
poen® 2u” 3 10 60% 0562038 0.29+0.49
freu*2e e 3 18 &1 3173156 3895191
fnen®29” {mmn) 3 36 31X 1952247 1.89:539
S-prongs 3 64 9X 2262135 5.27:289
poe2ut I 3 18 63% 0532063 0.97:1.18
prelwt 3wt 3 15 68X 0BA2135 1.60:3.01
poro 2w In~ (mmu) 3 39 27X 0.78:L23 2542251
poeut 2y 3 25 47X L0910.74 13521 23
poe2w* 30-

poes’2r v 3 30 39X 3981216 6214362
o2 Inx* ]

1. (mmu) indicates missing neutrols with invariont mass greater than a
.

2 Tha amounts of T and U-meson are the fitted values of q  and g,
respactively.
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Tedle {8) Resonance Fits va. E__

reaction NDF % CL  T(2190) {mb) U{2Z50) (mb)
Frea® 2 11 133 272 037:047 0024026
el I 11 91 62x 053026 083053
Freeu* 2u 11 117 39X Q9MLT 0962068
Brs2n® 3

1. The amounts of T and U-mescn are the fitted values of a, and g,
respactivaly.
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Table {5) Beam Homentum Distributions

nominal beam momenturn (GaV/c)
10 11 12 13 14 15 16
mean valus S99 1104 1159 1291 1401 ASD7 1605

standard davigtion o8 019 016 GSie 019 035 0023
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FIGURE CAPTIONS

1 The urfolded I=1, NN cross sactisn from reference {1).
2 Thustration of the tapologiss scenned for and grouping of the topologies
fer the purpese of extracting fn cross vections. The topologies are grouped

so that @ short dark stopping proten track is considered o "spectator™ of the

pn interaction.

3 Fd total cross sections measured by this experiment using the events
scanned at each of the three Itafian labs separately. Also shown is the more
accurate msasurement by a high statistics counter experiment whose errors

are typically about 20.15 mb.*

4 Our statistical separation of the ons—constraint and zero—constraint

a at each inal beam t The histograms are combined

missing mass spectra of the reactions: fd»p u*20 v and fdrp, u 20 (mma)
for the 3-prongs; ond fd+p 20°37°e® ond pdep,20*3u-(mmo) for the
S~—prongs. {mmmu) indicates missing neutrals with invarignt mass greater than a
u°. The curves shown reprssent the predicted spectra for each regction and

their sum. They ore based on the results of our separation.

S Our shadow corrected 4 and 6~prong cross sections are shown in {a)

and (b} respectively (s = 11314). For compariscn we also show the

corresponding p topological cross sections from other experiments.

49



[ The results of cerrections for tha shadow effect and loss of long

spectator protons for cur 3 and S-prongs. (s = 1114, 1+f, = 1.30, 1+, =
1.27)

7 Cross sections vs. nominal beam momentum for the reactions: (a) total
3-prong annihilations, {b) pnwa*2n-, (c) pnrr*2ow°, (d) fnv>o*20 (mmu), (e)
total S—prongs, {f) pn*»20*30, (g) pn>2w*3u-v?, (h) pn-»2u* 3n~{mma), {i) the
sum of {b) and (f}, and (j) the sum of (¢} and {g). Curves shown are described in

the text. (mmn} indicates missing neutrals with invariant mass greater thon a
.

8 Cross section vs., ¢ eneryy for the reactions (o) fneu*207, (b)

pn+20* 30" and (c) the sum of (o) and (b). Curves shown are described in the
text.

9 Histograms aof the invariant mass of *p and w"p combinations in the
reactions: (a) fd»p, u*2r and (b) pdep,21* 30~ for all nominal beam momenta
combined. (p, indicatss a stopping proton) Ve see a depletion of events in the

u*p mass regicn around the 4(1236).

10  Kinematic Emits in E (cm. energy) vs. p, (spectator mementum) for (a)
the beam momentum L 1.3 GeV/q (b) for all beam momenta. The theoretical

spectator protan momentum spectrum g(p’) is also shown.
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Figure (4c)
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Figure (4e) 1.4 GeV/c
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Figure (4f) 1.5 GeV/c
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Figure (4g) 1.6 GeV/c
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Figure (7c)
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Figure (7f)
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Figure (7h)
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Figure (7i)
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Figure (9a) pd-p,n*2m-
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Figure (10a)
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Figure (10b)
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